INTRODUCTION.
The requirement for cytokines in hematopoiesis is partly attributable to a trophic activity, the protection of cells from apoptosis. For example, interleukin-7 (IL-7) protects lymphocyte progenitor cells from apoptotic death during T cell development (1, 2) . The survival effect of these cytokines has been partly attributed to the Bcl-2 family of proteins (2, 3) . However, the trophic action of cytokines involves more than the balance of Bcl-2 family members, since overexpression of Bcl-2 does not completely replace the cytokine survival signal (1, 4) . Hence, the death-inducing signaling pathways triggered early upon cytokine loss are yet to be fully defined.
METHODS. IL-3-and IL-7-dependent cell lines were evaluated following cytokine withdrawal for changes in cytosolic pH and mitochondrial biology by incorporation of fluorescent dyes, BCECF and JC-1. Cells were treated with pharmacological inhibitors of the sodium-hydrogen exchanger (NHE) and the Map Kinases (MAPK)s, p38 and ERK1/2. Protein levels and activities were assayed by Western blot and kinase assays. Mitochondrial function was determined through measurement of NADH and ADP/ATP levels. Death was evaluated by caspase activation and propidium iodide staining.
RESULTS.
Loss of IL-7 or IL-3 in dependent cell lines induced the phosphorylation and activation of p38 MAPK, while the activities of other MAPKs (ERK and SAPK/JNK) declined. Phosphorylation of the downstream substrate of p38 MAPK, ATF-2, was observed in proportion to the increased kinase activity of p38 MAPK. Once activated, p38 MAPK mediated the direct phosphorylation of the pH regulator, the Na+/H+ exchanger 1 (NHE1), targeting specific residues in the C-terminus of NHE. Pharmacological inhibitors of p38 MAPK (but not ERK) prevented NHE phosphorylation in the absence of cytokines. As a result of NHE activation, a striking intracellular alkalinization occurred in which cytosolic pH rose steadily for 2-3 hours, peaking over pH 7.8 before returning to neutrality. This alkalinization could be reversed by addition of p38 MAPK inhibitors as well as NHE inhibitors. A critical outcome of alkalinization was the mitochondrial translocation of the pro-apoptotic protein, Bax (3). The pH rise triggered a conformational change in Bax, altering charged amino acids in the amino and carboxy-termini to expose hydrophobic membrane-seeking domains (3). Furthermore, alkalinization produced a transient hyperpolarization of the mitochondrial inner membrane, an effect blocked by oligomycin, inhibitor of the F0F1-ATPase. Functional consequences included depletion of ATP and the accumulation of NADH. Using cells from Bax -/-mice or overexpressing Bcl-2, we determined that cytosolic alkalinization and mitochondrial hyperpolarization are early events independent of the Bcl-2 family.
DISCUSSION.
Our data suggest a model in which cytokine withdrawal rapidly activates p38 MAPK, leading directly to the phosphorylation of NHE1, the membrane ion exchanger responsible for intracellular alkalinization. This previously unrecognized pathway, activated early during apoptosis, results in the mitochondrial translocation of the pro-apoptotic protein Bax by a novel mechanism. The rise in cytosolic pH causes a conformational change in Bax (3) . Further consequences include a transient rise in the mitochondrial membrane potential -an event that, together with Bax activation, produces severe metabolic stresses priming cells for death.
